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Adhesive bonding is a means for transferring load between structural 
components of an assembly. Proper transfer can be accomplished only 
through a continuous adhesive medium between the adherends. Furthermore, 
the adhesive must have sufficiently high strength to allow the structure 
to meet design requirements. 
The present work focused on adhesive bonds formed between rubber and 
metal adherends. These are used in many structures whose primary 
function is to seal an internal space from an external corrosive or 
otherwise harmful environment. A specific concern of the Navy is the 
seal that also functions as an acoustic window at the radiating end of an 
underwater sonar transducer. Bond failures here may allow water to enter 
the transducer housing resulting in catastrophic failure, or may alter 
the acoustic coupling between the radiating components thereby degrading 
acoustic performance. 
Current Navy practice is to rely heavily on process control and 
exercise a relatively high level of destructive testing for quality 
assurance. Thus, there is a major need for a nondestructive method for 
evaluating bond surfaces in both newly fabricated and in-service bonded 
rubber/metal structures. 
The approach pursued in this investigation was the leaky Lamb wave 
method, an ultrasonic method that relies on excitation of a boundary-
sensitive plate (Lamb) wave in the metallic adherend of a bonded rubber/ 
metal laminate. Chimenti, Bar-Cohen, and Nayfeh, have been successful in 
detecting and imaging bond flaws in fiber-composite laminates using leaky 
Lamb waves [1-4). The work reported here demonstrates that the method is 
also promising for detecting and delineating flaws in rubber-to-metal 
bond surfaces. 
935 
THE LEAKY LAMB WAVE PHENOMENON 
Metallic plates in a thickness range from about 0.01 in. up to 1 in. 
(0.25 to 25 mm) support the excitation of Lamb waves within the range of 
frequencies, 1 to 10 MHz, commonly employed in ultrasonic NDE. Physi-
cally, a Lamb wave is a vertically polarized travelling plate wave [5]. 
Under conditions of immersion in water, it is excited by an external 
compressional wave impinging on the surface of the plate at an oblique 
angle of incidence. Mode conversion occurs at the locus of insonifi-
cation, and transverse and compressional waves are generated in the 
plate. These propagate in the plate at their own respective velocities, 
each experiencing refraction and mUltiple reflections at the plate 
boundaries. The modal pattern of vibration that results is the Lamb, or 
plate, wave. The character of the Lamb wave may be symmetric, i.e., the 
surfaces of the plate move simultaneously in opposite directions with 
equal amplitude or antisymmetric, i.e., the surfaces move in the same 
direction with equal amplitudes. If the relative acoustic impedance of 
the surrounding medium is similar to that of the plate, the plate will 
reradiate, or leak, energy into the medium, hence the name leaky Lamb 
wave (LLW). The direction (angle) of radiation is determined principally 
by the Lamb wave phase velocity and Snell's Law. 
The modal pattern established in the plate depends on the frequency 
and bandwidth of the insonifying signal, the angle of insonification, the 
plate thickness, and, if there is more than one layer, the acoustic 
characteristics of the interfacial boundary(s). For fixed geometry and 
fixed frequency, the modal excitation will depend on the characteristics 
and nature of the interfacial boundary. This is the basis of the LLW 
method for evaluating rubber-to-metal bond surfaces. 
Now, if a bonded rubber-to-metal structure is immersed in a fluid 
medium and the metal surface is insonified at an oblique angle of 
incidence part of the energy in the incident wave will be reflected back 
into the surrounding fluid and part will be coupled into the metal plate 
and will propagate therein. A small part will propagate across the 
metal-to-rubber boundary into the rubber layer and be dissipated there. 
If the frequency is right, the energy in the plate will generate a Lamb 
wave, part of which reradiates, or leaks, into the surrounding fluid. 
Within the beam of the reflected wave, the reflected and reradiated waves 
will interfere. Along an axis where the two wave paths differ by one-
half wavelength they will destructively interfere to yield a signal null. 
Detection of this null indicates that a leaky Lamb wave has been excited 
in the bonded structure. 
EXPERIMENTS 
Set-up and Measurement Procedures 
The Lamb wave mode frequencies are identified by insonifying the 
surface of the plate with a broad-bandwidth, frequency-modulated tone 
burst (FM chirp), then scanning the receiver across the reflected beam 
until an interference pattern is observed in the received signal. The 
interference signal waveform is illustrated in Fig. l(a). Observance of 
this characteristic waveform indicates that a leaky Lamb wave has been 
excited and that the receiver axis is positioned in the null zone created 
by the interference between the reflected and reradiated waves. 
The Fourier spectrum of this waveform, shown in Fig. l(b), iden-
tifies the frequencies of the different Lamb wave modes excited. These 
are the frequencies at the null points in the spectrum. There is 
currently no a priori basis for selecting an operating (modal) frequency. 
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(a) Interference null signal waveform 
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(b) Fourier spectrum of interference null signal waveform 
Fig. 1. LFM chirp interference null waveform and fourier spectrum. The 
specimen was a 1/4 in. thick steel plate. Frequency sweep: 3.5-
7 . 0 MHz. Signal duration: 8 ~sec. 
The modal frequency nearest the resonant frequency of the transducers, or 
the next higher or lower modal frequency if the spectral null is deeper, 
is usually chosen to maximize the acoustic signal level. Once an 
operating frequency is selected, a tone burst signal at that frequency is 
generated to excite that Lamb mode in the specimen. 
Initialization is performed over a well-bonded area of the test 
specimen, or of a reference specimen. Various positioning manipulations 
are performed to achieve the minimum level in the null zone of the in-
itializing signal. Operationally, this determines the minimum background 
level. A perturbation in the bond surface, e.g., debonding, destroys the 
Lamb mode structure in the area where it occurs. Much less energy is 
reradiated (i.e., leaked) at that location. There is then no wave to 
interfere with the reflected wave and the null signal degrades. That is, 
the level in the null signal portion--specifically, within a measurement 
window--increases. The bond flaw is thus detected by an increase in the 
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measured signal amplitude. As long as the change in the boundary condi-
tion prevails, the change in amplitude is maintained. 
The bond state along a scan line across the specimen surface is 
profiled by tracking the level of the null signal as the transducers scan 
the bond surface. In the present work, the RMS value of the signal level 
was computed and recorded . 
Measurement Results 
Two classes of specimens were tested : those with programmed debonds 
in an otherwise presumably well-bonded surface and those with a partially 
bonded surface prepared and defined as described below. Results reported 
here are for one member of each class to illustrate the sensitivity and 
utility of the LLW method. 
The first specimen was a 6 in. (15 cm) square, 1/4 in. (6 mm) thick 
Type 304 stainless steel plate with a 1/8 in. (3 mm) thick layer of 
bonded neoprene 51095 . The plate was prepared by grit-blasting, cleaning 
and degreasing. Chemlok 205/220 adhesive system was used to bond the 
rubber. The rubber was vulcanized to the prepared plate under 20 ksi 
(138 MPa) pressure at 315°F (157oC) . A strip debond was programmed in 
the adhesive surface by masking the plate before applying the adhesive. 
The masking strip was removed before vulcanizing the rubber . 
The strip debond specimen is diagrammed in Fig . 2 . The strip debond 
was 1/2 in . (13 mm) wide and ran from one edge of the plate to the other. 
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Fig. 2. Diagram of the bond surface of the specimen with a programmed 
strip debond. 
938 
The debond was "opened" to a depth of about 1-1/2 in. (38 mm) at both 
ends by inserting and removing a thin spatula. The adherends returned to 
a state of touching after the spatula was removed. The 3 in. (75 mm) 
center portion of the debond strip was not opened. 
Figure 3 shows a single scan line across the lower "opened" portion 
of the strip debond diagrammed. in Figure 2. The bond flaw signature is 
evident in this scan line. The signa1-to-background ratio, measured as 
indicated in the figure, is 3.5 dB. Note the apparent horizontal offset 
of the signal from the true location of the flaw. This occurs because 
the signal level begins to rise when the sound beam first enters the flaw 
area and begins to fall when the beam begins to exit the area. 
Figure 4 shows two C-scans of the strip debond specimen, one 
obtained using a conventional pulse-echo technique, the other using the 
LLW method. Signa1-to-background ratios are as indicated in the figure. 
The pulse-echo C-scan shows marginal detection of the debond strip at its 
lower edge. The LLW method not only delineates the debond strip but 
images the various parts of it, Le., "opened" ends and unopened center 
section. A high-level background to the center and upper right of the 
debond strip is evident in the LLW scan, Fig. 4(b), and is apparently due 
to localized material anisotropy or inhomogeneity. It can be reduced by 
adjusting the orientation of the transducers, i.e., the plane of the 
transducer pair, to the scan direction to minimize scattering and other 
signal losses caused by these material characteristics. (Figure 4 was 
recorded before the sometimes severe effects of material anisotropy and 
inhomogeneity on signa1-to-background ratio were fully appreciated. The 
adjustment described is now a routine manipulation in initialization.) 
An example of the second class of specimen, i.e., with a partially 
bonded surface, is shown in Fig. 5. This is a photograph of the adhesive 
surface on the metal plate prior to bonding the rubber layer. Half of 
the plate surface was completely coated with adhesive to give 100% 
coverage. The other half of the plate was masked with the dot pattern 
shown to form a 75% adhesive surface as defined by the ratio of coated 
surface area to total (half plate) surface area. It is important that 
the dot size and distribution be such that the sound beam interrogates Qn 
average an area that is partially bonded as specified by the adhesive 
coverage (in this instance, 75%). 
BOND 
FLAW 
Fig. 3. Single scan line across the strip debond specimen. 
939 
(0
 
.
"
.
 
o
 
(a
) 
P
ul
se
-E
ch
o 
A
lB
 
2.
0 
dB
 
(b
) 
L
ea
ky
 L
am
b 
W
av
e 
A
lB
 -
6.
3 
dB
 
F
ig
. 
4.
 
C
om
pa
ri
so
n 
o
f 
C
-s
ca
n 
im
ag
es
 o
f 
a 
6 
in
. 
s
qu
ar
e 
bo
nd
ed
 r
u
bb
er
-t
o-
m
et
al
 s
pe
ci
m
en
 w
it
h 
a 
1/
2 
in
.
 
w
id
e 
s
tr
ip
e 
de
bo
nd
.
 
(a
) 
Im
ag
e 
o
bt
ai
ne
d 
u
s
in
g 
a 
c
o
n
v
e
n
ti
on
al
 p
ul
se
-e
ch
o 
m
e
th
od
.
 
(b
) 
Im
ag
e 
o
bt
ai
ne
d 
u
s
in
g 
th
e 
LL
W
 m
e
th
od
. 
Fig. 5. Photograph of the adhesive surface of a partially bonded speci-
men. The left half of the surface was fully coated with 
adhesive. The right half of the surface was masked by the dot 
pattern shown to yield a surface with 75% adhesive coverage . 
A scan line for this specimen recorded as the transmitting and 
receiving transducers were moved from the 100% adhesive side to the 75% 
adhesive side, and then off the edge is shown in Fig . 6 . The plane of 
the transducer pair was ultimately oriented at an angle of 15 deg to the 
scan direction, with the receiver leading, i.e., entering first the near 
edge, then the 100% adhesive area , 75% adhesive area, and finally the far 
edge . The spikes at the beginning and end of the scan line are edge 
effects caused by one or the other of the transducer beams being partial-
lyon or off the plate. A similar effect occurs as the transducers move 
across the boundary delineating the two sides of the specimen, i . e., 
there is an increase in signal level as the transducers move from one 
bond surface into the other . 
EDGE EFFECT 
I 
-I 
Fig . 6 . Single scan line across 100%-75% adhesive coverage specimen 
shO\VTl in Fig. 5 . The "edge effect" is caused by the oblique 
orientation of the transducer plane to the scanning direction. 
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When the transducers are over one or the other surfaces of the 
plate, the signal level is relatively constant. The change in level 
from the fully bonded to the partially bonded surface in Fig. 6 is about 
15 dB. This indicates that the LLW method may be able to yield a quan-
tifiable assessment of the quality of a bonded surface (given a known 
fully bonded reference surface). 
Thinner specimens--l/16 and 1/8 in. (1.5 and 3 mm) thick metal 
bonded to 1/16 or 1/8 in. (1.5 or 3 mm) thick rubber--were also examined 
with results comparable to those reported here for thicker adherends. 
Theoretically, there is no thickness-to-wavelength limit for excitation 
of leaky Lamb waves in plate structures, but practically the limiting 
plate thickness is estimated to be about 1 in. (25 mm). 
SUMMARY AND CONCLUSIONS 
This work demonstrates the feasibility of using leaky Lamb waves 
(LLW) to detect and delineate bond surface flaws in relatively thick 
bonded rubber-to-metal structures when the adherends remain in intimate 
contact. The test specimens were flat stainless steel plates bonded to 
neopr~ne 5l09S. One class of specimen had debonds programmed in the 
adhesive layer by masking the steel surface during application of 
adhesive. The other class employed a masking pattern during application 
of adhesive to achieve a specified degree of partial bonding. 
The results show that the LLW method is able to detect and delineate 
debonds not reliably detected by conventional ultrasonic pulse-echo 
methods. Further, the LLW method readily differentiates a partially 
bonded from a fully bonded surface, where the degree of bondedness is 
defined by the percentage of adhesive coverage. 
It is concluded that: 
• the feasibility of using the LLW method to detect and delineate 
bond flaws in thick rubber/metal laminates was demonstrated by 
this work; and 
• the LLW method shows promise as a means for quantitatively 
assessing the quality of a bond surface. 
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